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The study of surface characterisation of oil palm empty fruit bunch (EFB) fibre before 
and after physical and chemical treatments was carried out by using light microscopy, 
Scanning Electron Microscopy (SEM) and Fourier Transform Infrared (FTIR) 
techniques. One of the objectives of the study was to evaluate fibre microphological 
characteristics of different parts of oil palm empty fruit bunch. This study was also 
conducted to examine the effects of chemical pre-treatment and mechanical refining on 
the morphological characteristics of EFB fibres and to evaluate the surface 
characteristics of chemically modified EFB fibre after being treated with succinic 
anhydride. For comparison, samples from fresh fruit bunches were also examined. The 
mechanical refining process employs pre-treatment with water and sodium hydroxide 
(1%). Chemical modification on EFB fibres with succinic anhydride was carried out for 
1,2,3,4,5 and 6 hour each at 80oC, 100oC and 120oC. The objective of this study was to 
examine the effects of succinic anhydride modification on the morphology of EFB 
fibres, as well as the extent of cell wall bulking. 
 ii
Oil palm EFB differs from wood fibres since it does not posses structures such as 
cambium, ray cells, sapwood or heartwood portion. These differences are highlighted in 
this study. EFB is formed from structures of vascular bundles which consist of xylem 
cells, phloem cells, vessels and fibrous sheath and embedded within soft ground 
parenchymatous tissue. The examination on the surface morphology of the fibre vascular 
bundle suggested that this material may require pretreatment and chemical modification 
to enhance surface quality within a fibre/matrix composite due to its waxy surface 
nature.  Light and SEM micrographs revealed on the presence of cell inclusions such as 
stegmata which marked it’s presence through the globular protrusion on the surface of 
fibre. Silica bodies are found abundantly embedded within the stegmata cells which are 
detachable upon processing.  
 
This study also clarified on the differences in properties of fibres according to different 
parts of a single fruit bunch. The study on the properties of individual fibre from 
different section of EFB (core, stalk and spikelets) concluded that fibre properties within 
the fruit bunch are not homogenous. The stalk portion of the fruit bunch has short fibre 
lengths (µm) and high tendency to collapse. Compare to the core of the fruit bunch, the 
fibre length from this part is longer. Being compared to wood fibre properties, the core 
of EFB exhibit quiet a comparable properties especially referring to its Runkel ratio, 
coefficient of suppleness and felting power.  
 
The results also indicate that mechanical refining significantly changed the morphology 
of EFB fibre structure. The untreated and unrefined EFB fibre is still in it’s original 
cylindrical shape suggesting the presence of lignin which holds up the cell wall. The 
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surface of the fibres with is covered mainly by thick waxy cuticle layer with occurrences 
of globular protrusion indicating the presence of silica bodies. The effect of water 
soaking and sodium hydroxide has extensively removed the waxy cuticle layer and most 
silicate structures from the fibre surface. Refined fibres appeared defiberized and 
fibrillated especially on sodium hydroxide (NaOH) pre-treated fibres. Internal and 
external fibrillation which relates to shearing in fibre wall and peeling of super-facial 
layer was extensively observed. Longitudinal compression of disintegrated fibre was 
observed extensively especially on sodium hydroxide treated fibres. Most of the silica 
bodies have been detached from fibre surface, creating a porous look. Swelling of 
cellulose, hemicellulose and lignin contributes to the efficiency of the refining process. 
This occurrence also attributed to the delignification and dissolution of non-cellulosic 
substance (i.e hemicellulose). 
 
The chemical modification treatment succinic anhydried on EFB fibres has resulted for 
morphological changes such as swelling and surface smoothing. Through SEM 
examination, swelling of cell wall was clearly observed on individual fibre cell wall, 
areas surrounding the voids and also stegmata cells although it was less obvious on 
metaxylem vessel, protoxylem, protophloem, pits and perforation plates. Surface cracks 
and degradation due to the cell wall bulking and swelling effect was not visible on any 
the cells. Introduction of foreign moieties on to the surface hydroxyl group has made the 
appearance smoother due to removal of waxy layer which also reveals the stegmata cells 
and voids area. The extent of esterification was examined through the Weight Percent 
Gain (WPG) value. WPG subsequently increases as reaction time prolonged and with 
higher reaction temperature. The swelling of fibre, measured through cell diameter to 
 iv
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Kajian keatas sifat-sifat permukaan gentian tandan kosong kelapa sawit setelah 
menjalani rawatan fizikal dan kimia telah dijalankan dengan menggunakan teknik 
mikroskopi cahaya, Scanning Electron Microscopy (SEM) dan Fourier Transform 
Infrared (FTIR). Objektif kajian ini adalah untuk meneliti siftat-sifat morfologi gentian 
tandan kelapa sawit dari bahagian-bahagian yang berbeza. Kajian ini juga dijalankan 
untuk meneliti kesan proses rawatan fizikal dan kimia keatas morfologi gentian serta 
menilai sifat-sifat permukaan gentian selepas rawatan suksinik anhidrida. Untuk 
perbandingan, sampel-sampel yang diperoleh dari tandan kelapa sawit yang masih segar 
turut diteliti. Proses pengisaran secara mekanikal dijalankan dengan rawatan rendaman 
air dan sodium hidroksida (1%). Rawatan modifikasi kimia dengan menggunakan 
suksinik anhidrida telah dijalankan pada tempoh 1, 2,3,4,5 dan 6 jam pada suhu 80oC, 
100oC dan 120oC. Objektif kajian ini adalah untuk menyelidik kesan modifikasi kimia 
dengan menggunakan suksinik anhidrida keatas morfologi gentian tandan kosong kelapa 
sawit dan juga tahap pengembangan dinding sel. 
 vi
Gentian tandan kosong kelapa sawit amat berbeza dengan gentian kayu memandangkan 
ia tidak mengandungi struktur-struktur tertentu seperti kambium, sel-sel ruji, bahagian 
gubal mahupun teras. Perbezaan ini diberikan penekanan lagi di dalam kajian ini. 
Gentian kelapa sawit adalah terbentuk dalam struktur berkas vaskular yang terdiri dari 
sel-sel xilem, sel-sel floem, sel salur dan selaput gentian yang dikelilingi oleh tisu-tisu 
parenkima yang lembut. Penelitian terhadap morfologi permukaan berkas vaskular telah 
menunjukkan bahawa permukaannya yang diselaputi lapisan berlilin yang tebal ini 
memerlukan rawatan dan modifikasi kimia bagi mempertingkatkann kualiti permukaan 
di dalam komposit gentian/matrik. Mikrograf dari mikroskop cahaya dan SEM telah 
menunjukkan kehadiran sel stegmata yang kelihatan seperti bonjolan di permukaan 
gentian. Di dalam sel stegmata terdapat jasad-jasad silika yang mudah terlerai semasa 
gentian diproses. 
 
Kajian ini juga memperjelaskan perbezaan sifat gentian berdasarkan bahagian-bahagian 
yang berbeza di didalam sesebuah tandan. Kajian terhadap sifat-sifat gentian individu 
yang diperoleh dari bahagian-bahagian tandan yang berbeza (empulur, tangkai dan 
spikelet) telah menunjukkan bahawa ia tidak ia tidak bersifat homogenus. Bahagian 
tangkai tandan adalah terdiri dari gentian yang terpendek (µm) dan kebolehan untuk 
meruntuh yang tinggi. Jika dibandingkan dengan bahagian empulur tandan, gentian di 
bahagian ini adalah lebih panjang. Dari segi sifat gentian, empulur tandan kosong 
mempunyai gentian yang hampir menyamai sifat-sifat gentian kayu dari segi nisbah 
Runkel, koefisyen kelenturan dan kemampuan gentian untuk terjalin. 
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Keputusan kajian juga menunjukkan pengisaran secara mekanikal telah mengubah 
struktur morfologi gentian tandan kosong. Gentian yang tidak dirawat dan dikisar 
kelihatan masih berbentuk silinder yang menandakan kehadiran lignin yang berfungsi 
untuk memegang dinding sel. Permukaan gentian secara umumnya diselaputi lapisan 
berlilin yang tebal dengan bonjolan-bonjolan oleh taburan jasad silika. Rawatan 
rendaman air dan sodium hidroksida telah menghilangkan lapisan berlilin yang tebal dan 
kebanyakan struktur-strukutur jasad silika yang terdapat di permukaan gentian. Gentian 
yang telah dikisar kelihatan lebih terurai dan bercabang terutamanya pada gentian yang 
telah dirawat dengan sodium hidroksida. Fibrilasi dalaman dan luaran yang disebabkan 
oleh koyakan dinding gentian dan pengelupasan lapisan luaran amat nyata kelihatan 
pada gentian tersebut. Permukaan gentian kelihatan lebih poros tanpa kehadiran jasad-
jasad silika. Pengembangan unsur selulosa, hemiselulosa dan lignin telah membantu 
dalam menghasilkan proses pengisaran yang lebih efisyen. Ini juga disebabkan oleh 
proses nyah-lignin dan terlarutnya unsur-unsur bukan selulosa seperti hemiselulosa. 
 
Rawatan modifikasi kimia dengan menggunakan suksinik anhidrida keatas gentian 
tandan kosong kelapa sawit telah menghasilkan perubahan morfologi seperti 
pembengkakan dan pembersihan permukaan gentian. Melalui penelitian SEM, 
pengembangan pada dinding sel amat jelas kelihatan pada dinding gentian individu, di 
sekeliling kawasan lompang dan juga sel stegmata. Kesan ini sebaliknya tidak kelihatan 
jelas pada sel salur metaxilem, protoxilem, protofloem, pit dan plat perforasi. Rekahan 
permukaan gentian dan degradasi akibat dari pengembangan dinding sel tidak kelihatan 
pada gentian yang dirawat. Pengenalan unsur-unsur asing pada kumpulan hidroksil telah 
menghasilkan permukaan gentian yang lebih licin. Ini disebabkan oleh kehilangan 
 viii
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permukaan kutikel berlilin yang mendedahkan sel-sel stegmata dan lompangan kosong. 
Tahap esterifikasi telah dinilai melalui Peratus Berat Perolehan (PBP). Nilai PBP 
meningkat dengan pertambahan masa tindakbalas dan kenaikan suhu tindakbalas.  Tahap 
pengembangan gentian yang dinilai menerusi nisbah diameter sel kepada diameter 
lumen sel juga bertambah secara langsung dengan nilai PBP. Corak spectrum yang 
diperoleh menerusi ujian FTIR telah menunjukkan beberapa kawasan yang aktif seperti 
di 1705 – 1750 cm-1  1230 – 1282 cm-1 dan 3200 – 3600 cm-1. Puncak-puncak spectrum 
ini dipengaruhi oleh kumpulan berfungsi dan juga tahap esterifikasi (nilai PBP). 
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cell lumen diameter ratio, also increase proportionally with the value of WPG. The 
spectrum obtained through examination with FT-IR has depicted several active regions 
such as 1705 – 1750 cm-1  1230 – 1282 cm-1 and 3200 – 3600 cm-1 which corresponds to 
the concentration of a functional group that strongly affects the intensity of the peaks 
which also corresponds to the extent of esterification (WPG values). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v
I certify that the Examination Committee met on 12th of September 2007 to conduct the 
final examination of Adlin Sabrina Muhammad Roseley on her Master of Science thesis 
entitled “Morphology of Mechanically Refined and Chemically-Treated Oil Palm Empty 
Fruit Bunch Fibres” in accordance with Universiti Pertanian Malaysia (Higher Degree) 
Act 1980 and Universiti Pertanian Malaysia (Higher Degree) Regulations 1981. The 
Committee recommends that the student be awarded the degree of Master of Science.  
 
Members of the Examination Committee were as follows: 
 
Zaidon Ashaari, PhD 
Associate Professor 
Faculty of Forestry 
Universiti Putra Malaysia 
(Chairman) 
 
Wan Md. Zin Wan Yunus, PhD 
Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Nor Azowa Ibrahim, PhD 
Faculty of Science 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Othman Sulaiman, PhD 
Associate Professor 
School of Industrial Technology 
Universiti Sains Malaysia 
(External Examiner) 
 
 
 
 
 ________________________________ 
 
 HASANAH MOHD. GHAZALI, PhD 
 Professor and Deputy Dean 
 School of Graduate Studies 
 Universiti Putra Malaysia 
 
 Date : 21 February 2008 
 
 
 xii
This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfilment of the requirement for the degree of Master of Science. The 
members of the Supervisory Committee were as follows: 
 
 
 
Paridah Md. Tahir, PhD 
Associate Professor 
Faculty of Forestry  
Universiti Putra Malaysia 
(Chairman) 
 
 
Mohd. Hamami Sahri, PhD 
Professor 
Faculty of Forestry  
Universiti Putra Malaysia 
(Member) 
 
 
 
Jalaluddin Harun, PhD 
Associate Professor 
Faculty of Forestry 
Universiti Putra Malaysia 
(Member) 
 
 
 
 _____________________ 
 
 AINI IDERIS, PhD 
 Professor and Dean 
 School of Graduate Studies 
 Universiti Putra Malaysia 
  
 Date:  
 
 
 
 
 
 
 
 
 
 
 xiii
DECLARATION 
 
 
I hereby declare that the thesis is based on my original work except for quotations and 
citations which have been duly acknowledged. I also declare that it has not been 
previously or concurrently submitted for any other degree at UPM or other institutions. 
 
 
 
 
 
 ________________________________________ 
 
 ADLIN SABRINA MUHAMMAD ROSELEY 
  
 Date : 1 February 2008 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xiv
TABLE OF CONTENTS 
                                                                                                                                 Page 
ABSTRACT ii 
ABSTRAK vi 
ACKNOWLEDGEMENTS x 
APPROVAL xii 
DECLARATION xiv 
LIST OF TABLES xvii 
LIST OF FIGURES xviii 
LIST OF ABBREVIATIONS xxvi 
 
CHAPTER 
1 INTRODUCTION 1 
 1.1 Background of the Study 1 
 1.2 Objectives of the Study 6 
 
2 LITERATURE REVIEW 7 
 2.1 Oil Palm (Elaeis guineensis) 7 
  2.1.1 Introduction 7 
  2.1.2 Oil Palm Residue as New Fibre Source 8 
  2.1.3 Chemical Composition and Properties of EFB 12 
  2.1.4 Chemical Modification of Fibres 14 
 2.2 Chemical Modification of Lignocelluloses 16 
  2.2.1 Introduction 16 
  2.2.2 Chemical Reaction 17 
  2.2.3 Chemical Modification Using Succinic Anhydride 18 
  2.2.4 The Properties of Chemically Modified Wood/Fibre 20 
 2.3 The Principle and Practice of Microscopy 23 
  2.3.1 Introduction 23 
  2.3.2 The Principle of Light and Electron Microscope 25 
  2.3.3 Microscope Evaluation of Fibres 32 
 2.4 Summary of Literature Review 34 
    
3 CHARACTERISATION OF OIL PALM EMPTY FRUIT BUNCH  
 (EFB) FIBRES  37 
 3.1 Introduction 37 
 3.2 Examination of Oil Palm Fruit Bunch Structures 38
 3.3 Materials and Methods 39 
  3.3.1 Collection of Oil Palm Fruit Bunch 39 
  3.3.2 Evaluation of Empty Fruit Bunch Histology 41 
  3.3.3 Staining Process 43 
  3.3.4 Empty Fruit Bunch Fibre Maceration 46 
  3.3.5 Surface Morphology of EFB Fibre 48 
 3.4 Results and Discussion 49 
 xv
  3.4.1 General Description of Oil Palm Fruit Bunch Structure 49 
  3.4.2 Surface Morphology of Oil Palm Fruit Bunch Fibre 52 
  3.4.3 Microstructure of Oil Palm Empty Fruit Bunch 54 
  3.4.4 Fibre Properties of Oil Palm Empty Fruit Bunch 64 
 3.5 Conclusions  71 
 
4 EFFECTS OF MECHANICAL REFINING ON THE PROPERTIES  
 OF EFB FIBRES  73 
 4.1 Introduction  73 
 4.2 Chemical Pre-treatment of Fibre 75 
 4.3 Effects of Fibre Dimension on Board Properties 77 
4.4 Objectives of the Study 79 
 4.5 Materials and Methods 79 
  4.5.1 Sample Preparation 80 
  4.5.2 Alkali Pre-treatment of EFB Crude Fibres 80 
  4.5.3 Mechanical Refining Process 80 
  4.5.4 Fibre Size Fractions 82 
  4.5.5 Scanning Electron Microscopy 83 
  4.5.6 FTIR Spectroscopy 84 
 4.6 Results and Discussion 85 
  4.6.1 Fibre Structure, Size and Dimension 85 
  4.6.2 Surface Morphology of EFB Fibres 90 
  4.6.3 FTIR Spectroscopy of Refined Fibre 110 
 4.7 Conclusions  111 
 
5 CHARACTERISATION OF CHEMICALLY MODIFIED EMPTY  
 FRUIT BUNCH (EFB) FIBRES 115 
 5.1 Introduction  115 
 5.2 Chemical Modification with Succinic Anhydride 117 
 5.3 Material and Methods 119 
  5.3.1 Chemical Modification 119 
  5.3.2 Scanning Electron Microscopy Study 122 
  5.3.3 Fourier Transform Infra Red 122 
 5.4 Results and Discussions 123 
  5.4.1 Effects of Reaction Temperature and Time on WPG 123 
  5.4.2 FTIR of Esterified EFB 126 
  5.4.3 SEM Examination of the Esterified EFB 129 
 5.5 Conclusion  139 
 
6 CONCLUSION AND RECOMMENDATION 
 6.1 Conclusions  142 
 6.2 Recommendation for further research 144 
 
BIBLIOGRAPHY   147 
BIODATA OF STUDENT  156 
 xvi
LIST OF TABLES 
 
Table    Page 
     
2.1  Oil palm biomass supply in Malaysia from 1996 to 
2020 (tonne/year, dry weight) 
 11 
     
2.2  Chemical compositions of oil palm EFB fibre in 
comparison with trunk, frond and coconut stem. 
 
 12 
2.3  pH and buffering capacity of oil palm and 
rubberwood fibres 
 13 
     
2.4  Physical, mechanical properties and dimensional 
stability of oil palm medium density fibreboard 
 14 
     
3.1  Fibre morphology of different sections of oil palm 
(Elaeis guineensis) empty fruit bunch and comparison 
with other studies 
 65 
     
3.2  Comparison of fibre morphology for oil palm (Elaeis 
guineensis) empty fruit bunch used in this study with 
other wood species 
 66 
     
4.1  Average length, width and aspect ratio of pre-treated 
EFB fibre from different size fraction 
 89 
     
5.1  The peak assignments of esterified natural fibre for 
FT-IR analysis 
 127 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xvii
LIST OF FIGURES 
 
Figure    Page 
     
2.1  Estimation of the amount of residues from oil palm 
industry 
 10 
     
2.2  Reaction of wood with succinic anhydride  20 
     
2.3  Biological type of light compound microscope 
courtesy of Olympus corporation (Rochow and 
Tucker 1994) 
 26 
     
2.4  Simple diagram of a light compound microscope 
(Rochow and Tucker 1994) 
 26 
     
2.5  Diagrammatic representation of the principle of the 
compound microscope (Watt 1985) 
 27 
     
2.6  A composite table showing (a) range sizes of objects 
can be examined with the light and electron 
microscope (b) range of biological  object covered by 
each instrument (c) and (d) wavelength and 
nomenclature of electromagnetic spectrum 
corresponding to the biological objects (Meek 1976) 
 29 
     
2.7  Signal types generated by electron-specimen 
interactions (England 1991) 
 29 
     
2.8  Simplified cross section of the column of a scanning 
electron microscope (Watt 1985) 
 31 
     
2.9  A diagram of JEOL JSM 840 (Watt 1985)  31 
     
2.10  Longitudinal and cross-sectional view of SEM 
micrographs of (a) flax (b) cotton (c) mercerized 
cotton and (d) cotton fibre (Rochow and Tucker 1994) 
 34 
     
3.1  Steaming of an oil palm fruit bunch in a water bath  39 
     
3.2  Hybrid of long stalk oil palm fruit bunch  40 
     
3.3  Long stalk hybrid (right) being compared to a normal 
fruit bunch (left) 
 40 
     
3.4  Cross section of oil palm fruit bunch’s stalk  40 
     
 xviii
3.5  Empty fruit bunch after being separated from its 
spikelets and divided into different parts 
 40 
     
3.6  Segments of EFB being immersed in Bouin’s fixative 
solution 
 42 
     
3.7  Hot liquid of histowax being poured onto “basket” 
containing sample 
 42 
     
3.8  Hardened samples embedded in paraffin wax  43 
     
3.9  Sliding microtome (RM2135) used in the study  43 
     
3.10  Flowchart of sample fixation (left) and staining 
process (right). Coloured area depicts dehydration 
stage for each process 
 45 
     
3.11  Separation of vascular bundles from ground 
parenchyma through pounding technique 
 46 
     
3.12  Vascular bundles of oil palm empty fruit bunch  46 
     
3.13  Vascular bundles of oil palm spikelets  46 
     
3.14  Test tube containing oil palm fruit bunch vascular 
bundles to be macerated in a water bath 
 46 
     
3.15  Image analyzer Lieca Leitz DMRB work station used 
in fibre measurements 
 48 
     
3.16  Image Analyzer Leica DMLA workstation for 
measuring fibre length and width 
 48 
     
3.17  Fruits from oil palm fruit bunch  49 
     
3.18  Oil palm spikelet (a) front and (b) rear. Arrow 
indicates portion of spikelet available as fibre source 
 50 
     
3.19  Cross section of oil palm fruit reveals its 3 main 
segments. (a) mesocarp, (b) endocarp or shell and (c) 
kernel 
 50 
     
3.20  (a) Green protruding spikes serves as marking for 
each segments of spikelet. (b) Spikes colour changes 
from green to reddish-brown after steaming of empty 
fruit bunch 
 51 
     
 xix
3.21  Colour changes of empty fruit bunch before and after 
steaming (insert) 
 51 
     
3.22  Surface topography of EFB fibres.  Arrows indicated 
globular protrusions on the surface of the fibre 
 53 
     
3.23  SEM micrograph of the smooth surface of EFB fibre 
indicates thick waxy cuticle (as seen clearly in circle) 
on the upper surface layer 
 54 
     
3.24  Cross section of vascular bundles (circled) in (a) core 
and (b) spikelet. Notice the differences in distribution 
pattern and intensity (x5 and x10) 
 55 
     
3.25  Cross-section of a vascular bundle. v = vessel, pph = 
protophloem, mx = metaxylem vessel, px = 
protoxylem and gp = ground parenchyma (x20) 
 55 
     
3.26a  Metaxylem vessel  of oil palm EFB. Arrow indicates 
sclariform type of perforation plates that occupy the 
oblique end wall (x20) 
 56 
     
3.26b  Lateral wall pitting of metaxylem vessel element 
depicting sclariform perforation (x100) 
 56 
     
3.27  Oblique end walls (circled) of longitudinally linked 
metaxylem vessel element (x20) 
 57 
     
3.28a  An entire length of an individual fibre derived from 
oil palm vascular bundles (x 20) 
 58 
     
3.28b  A close up view of an individual fibre mid section 
part revealing the cell wall (CW) and cell lumen (CL) 
(x100) 
 59 
     
3.29  Tissues of vascular bundles. Arrow indicates 
scalloped appearance of individual fibre. GP - ground 
parenchyma (x20) 
 60 
     
3.30  Oil palm EFB fibre. Scalloped appearance of a 
stegmata bearing fibre (left), as being compared to a 
normal fibre (right). Circle indicates detached silica 
bodies of stegmata cells. (x100) 
 60 
     
3.31  Cross section of a vascular bundle indicates 
protophloem (pph) fibre sheath and adjacent ground 
parenchyma (gp). Presence of silica bodies can be 
 61 
 xx
observed on the fibres along the parameter of the fibre 
sheath as indicated by the arrows. Note the ground 
parenchyma tissues that are immediately adjacent to 
the vascular bundles smaller sized and radiantly 
arranged (x20) 
     
3.32  Radial view of a vascular bundle indicates stigmata 
cells (circled) arranged in discontinuous files (x20) 
 61 
     
3.33  Tissues of  ground parenchyma (prcm) coexisting 
with othe tissue of vascular bundle : (v) – metaxylem 
vessel and (fb) – fibre bundle (x50) 
 62 
     
3.34  Cross section of core vascular bundle depicts 
tangential orientation of ground parenchyma tissue 
immediately adjacent to vascular bundle (x10) 
 62 
     
3.35  A vascular bundle sheath by isodimetric ground 
parenchyma tissues (x10) 
 62 
     
3.36  Cross section of an EFB spikelet depicting vascular 
bundles sizes increased towards central region. 
Elements of fibre bundles are more scattered at the 
peripheral region as indicated by arrows (x5) 
 63 
     
3.37  An empty fruit bunch before going through the fibre 
manufacturing process 
 67 
     
3.38  A typical processing sequence for the production of 
EFB fibres 
 68 
     
4.1  Principle of refiner mechanical pulping (Tienvieri et 
al, 1999) 
 74 
     
4.2  Effect of particle dimension on properties of 
particleboard (Brumbaugh 1960) 
 78 
     
4.3  Effects of particle dimension on the physical and 
mechanical properties of low density particleboard 
(Kimoto et al 1964) 
 78 
     
4.4  The effect of particle geometry and resin content on 
bending strength of oak particleboard (Post 1958) 
 78 
     
4.5  Experimental parameter of mechanical refining study  79 
     
4.6  12” Single Disc Andritz Sprout-Bauer refiner  81 
 xxi
4.7  12” Andritz Sprout-Bauer refining disc. Stator (left 
plate) and rotor (right plate) 
 81 
     
4.8  Pattern of refining plate  81 
     
4.9  Fibre screen vibrator  82 
     
4.10  Scanning Electron Microscope Philips XL30 ESEM  84 
     
4.11  Scanning Electron Microscope JEOL JSM-6400  84 
     
4.12  SEM Coating Unit E5100 Sputter Coater  84 
     
4.13  Percent recovery of fibre for different size fractions 
using caustic and water as swelling agent 
 86 
     
4.14  Fibre length and Aspect ratio distribution for water 
soaking treatment (a and b) and NaOH treatment (c 
and d) 
 90 
     
4.15  Photomicrograph of control EFB fibre surface at 
different magnification indicating  (a) intact fibre 
structure (b) thick waxy cuticle layer covering fibre 
surface (c) appearances of globular protrusion 
 92 
     
4.16  Photomicrograph of  water soaked unrefined EFB 
fibre surface at different magnification indicating (a) 
intact fibre structure (b) thinning of waxy cuticle layer 
(c) globular protrusion appeared more visible after 
treatment 
 93 
     
4.17  Photomicrograph of NaOH treated unrefined  EFB 
fibre surface  at different magnification indicating  (a) 
intact fibre structure (b) and (c) removal of waxy 
cuticle layer with globular protrusion 
 96 
     
4.18  SEM of NaOH treated unrefined EFB fibre surface at 
different magnification indicating  (a) fibre surface 
after removal of waxy layer; (b) and (c) appearance of 
silica bodies (indicated by arrows) and void areas 
(circled) 
 97 
     
4.19  SEM of EFB refined fibre surface (water soaking 
treatment) at different magnifications indicating  (a) 
defiberized and fibrillized fibre (b) shearing of fibre 
wall causing in cohesion between layer within the 
fibre (c) peeling of thick super facial layer including 
 99 
 xxii
S1 and extending S2 layer indicating external 
fibrillation 
     
4.20  SEM of EFB refined fibre surface (water soaking 
treatment) at various magnification indicating (a) ) 
shearing of fibre wall within the fibre structure (b) 
inner view of voids structure (c) liberation of 
individual fibre from fibre bundle 
 100 
     
4.21  Photomicrographs of EFB refined fibre surface 
(NaOH 1% solution) at different magnification 
indicating  (a) and (b) defiberized and fibrillized fibre 
(c) presence of void on  treated fibre  (c) comparison 
between bulk fibre and disintegrated fibres 
 101 
     
4.22  Photomicrographs of EFB refined fibre surface pre-
soaked NaOH 1% solution at different magnification 
indicating  (a) shearing of fibre wall within the fibre 
structure which disintegrate bulk fibre (b) longitudinal 
compression of disintegrated fibre (c) surface peeling 
of primary layer and S1 layer extending to exposure 
of S2 layer 
 102 
     
4.23  SEM of Rubberwood refined fibre surface 
morphology at various magnification indicating  (a) 
structure of refined rubberwood fibre (b) and (c) 
shearing of fibre wall within the fibre structure which 
disintegrate bulk fibre (d) and (e) magnification of 
surface morphology of disintegrated fibre indicating  
surface peeling 
 109 
     
4.24  Infrared spectra of control fibre , water soaked refined 
fibre and NaOH treated refined fibre 
 111 
     
5.1  Microwave reactor in Sweden for solid wood (Rowell 
2006b) 
 117 
     
5.2  Fibre acetylation pilot plant in Sweden (Rowell 
2006b) 
 117 
     
5.3  Reaction scheme for modification of wood with (a) 
acetic anhydride and (b) succinic anhydride (Hill et al 
1998) 
 119 
     
5.4  A schematic diagram of study parameters and 
methodology 
 120 
     
 xxiii
5.5  Perkin-Elmer Spectrum 2000 FTIR  123 
     
5.6  A Diamond Attennuated Total Reflectance (DATR) 
attached to the FTIR 
 123 
     
5.7  Weight Percent Gain of esterified EFB fibres with 
succinic anhydride as reagent 
 124 
     
5.8  Infrared spectra of esterified control EFB : (a) 0% (b) 
16.15% (c) 18.63% (d) 21.88% (e) 22.72% (f) 23.99% 
(g) 24.25% 
 128 
     
5.9  Infrared spectra of esterified alkali treated EFB : (a) 
0% (b) 11.7% (c) 13.7% (d) 16.32% (e) 18.62% (f) 
18.99% (g) 19.7% 
 128 
     
5.10  SEM micrograph of fibre surface for unmodified (a 
and b) and esterified fibre (c and d) at various 
magnification 
 130 
     
5.11  SEM micrograph of esterified EFB fibres depicting 
(a) protruding voids and (b) silica bodies 
 131 
     
5.12  SEM micrograph of stegmata cells with silica bodies 
for (a) unmodified fibre and (b) modified fibres 
 131 
     
5.13  SEM micrograph of an esterified vascular bundle  132 
     
5.14  Scanning electron micrograph on transverses section 
of EFB fibre (a) unmodified sample. Images of treated 
fibre at various reaction time (b) 2 hours (c) 4 hours 
and (d) 6 hours 
 133 
     
5.15  Longitudinal section of modified fibre indicates (a) 
fibre cell wall swelling (b) effects of swelling on 
pitting on fibres and metaxylem vessel 
 134 
     
5.16  Metaxylem vessels of an esterified EFB vascular 
bundles with distinctive vessel pitting 
 135 
     
5.17  Metaxylem vessel pitting on the (a) outer side and (b) 
inside of an esterified EFB 
 136 
     
5.18  SEM micrograph of longitudinal section of (a) 
metaxylem vessels (encircled) and (b) perforation 
plates (encircled) 
 137 
     
 xxiv
5.19  Cell diameter to cell lumen diameter ratio and WPG 
value of succinic anhydride treated oil palm empty 
fruit bunch fibre at 1 to 6 hour of reaction time 
 138 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xxv
